In this paper, a technique that combines digital image correlation and wire electrical discharge machining for the measurement of the residual strain is presented. The significant potential benefits of this work include noncontact, high-speed, and online measurement. A ring-core-based groove in the surface of the specimen is cut to release the residual stresses present inside the core. The deformation due to these stresses can be measured by digital image correlation to measure the relieved strains. Moreover, the sizes of the reference areas on the specimens and the tracks of these areas after wire electrical discharge machining are investigated. The proposed method is applied to six different specimens to characterize their relieved strains.
Introduction
Digital image correlation (DIC) is a non-contact optical technique used to measure displacements on the surface of an object by performing a correlation analysis of the random patterns, and spraying by an airbrush gun is widely used to create such patterns on surfaces. In [1] , a criterion for the quantitative evaluation of random patterns, the characterization of their effectiveness for a DIC algorithm implementation, and patterns printed on the surfaces of interest are introduced. In [2] , a practical approach was proposed for use in a mechanical-testing laboratory for optimizing the performance of DIC. This proposed approach allows for estimation of the average speckle size as well as the scatter of the speckle sizes to maximize the spatial resolution. Two-dimensional (2D) DIC provides full-field displacements at a subpixel accuracy and full-field strains by comparing the digital images of a test-object surface acquired before and after deformation [3] . Therefore, the stress can be identified on the basis of the 2D DIC technique. In [4] , an analysis of the released stress was achieved by DIC applied to load-state scanning electron microscopy (SEM) images captured with a combination of SEM and focused ion beam (FIB) equipment. In [5] , FIB microhole milling was combined with a 2D finite-element analysis (FEA) to model the resulting relaxation displacements on a specimen surface on the basis of a DIC analysis. In [6] , measurement of the displacement field based on DIC was presented for a slot milled into a material. In [7] , DIC was used to determine the coefficient of thermal expansion (CTE) of films. Hence, DIC has been established as a practical and effective deformation measurement technique. The ring-core method is a partially destructive test method for measuring uniform and non-uniform residual stresses. The major advantage of the ring-core method is its greater sensitivity. For residual stress measurements, the ring-core method enables measurement of the profile of the residual stresses in a material up to a depth of 5 mm when using a strain gauge [8] . However, the use of a strain gauge is a pointwise technique. Further, the machining axis should be aligned with the center of the strain-gauge rosette. Furthermore, the use of a high-speed drilling technique to realize the strain-gauge measurement of the residual stress also inevitably results in a severe tool wear. The tool wear will further induce an additional stress and therefore decrease the accuracy of the measurement result. As a result, the wire electrical discharge machining (WEDM) technique has shown potential to be the optimal method for cutting grooves to relieve residual stresses and was applied in this work. This work uses the WEDM process to cut side grooves in plate specimens and generates a displacement field perpendicular to the slot plane.
The aim of this study is to use a wire electrical discharge cutting mechanism based on the ring-core method to reveal the residual stress in six different specimens when measuring strains using DIC. DIC offers the advantage of analyzing the strain relief in multiple directions. A new method to measure the non-uniform residual stress fields using DIC combined with the ring-core method by WEDM processing is proposed.
DIC Method by Cutting a Groove
With the DIC method, two speckle images are compared. The initial (reference) image with the calculation area (i.e., the region of interest (ROI)) is divided into evenly spaced subsets. The ROI is the reference region in which the displacement/deformation field is determined. The subset is a square matrix of pixels used as the basis of the image correlation technique. The matching of each initial subset to the respective calculated subset in the deformed image is then established by defining the maximum value of the correlation coefficient. The image is transformed into a grey scale.
Specimens were cut from an aluminum sheet (Al 5052) with a thickness of 6 mm, and the area of specimens is 20ˆ70 mm 2 . Four-point bending tests of the specimens were conducted along the side length. Four-point bending was used to induce a residual stress in five specimens. After four-point bending, the strains obtained by a strain gauge pasted onto the specimen surface were 3150, 4450, 5750, 7000 and 8000 µε (Figure 1 ). Moreover, one additional specimen was prepared without a residual stress induced by the four-point bending mechanism. A Sony ExwaveHAD 3CCD color video camera (640ˆ480 pixel resolution) and a Olympus U-PMTVC 8C14561 microscope (25ˆmagnification) were used to observe the working surface of the patterned specimens during testing. The camera's optical axis was adjusted to be orthogonal to the studied surfaces, which are illuminated by a halogen lamp (Halopin). The area of the captured pattern was approximately 2608ˆ1955 µm 2 . DIC was performed on a selected subimage (160ˆ160 pixels) of the studied surface and captured by a digital camera with a 4.07 pixel/µm resolution. In this work, the DIC algorithm set the subpixel resolution to 0.01 and the accuracy of every measured point of the displacement field to 2.5 nm. The average released strain is computed as the sum of the values of the subset divided by the total number of subsets. The distance between the different electrical discharge machine (EDM) grooves is 0.2 mm, and the width of each groove is 2 mm. Figure 2 shows a schematic of the experimental setup and the actual experimental system using an optical imaging device for the 2D DIC method. These images were analyzed by the DIC technique to extract the released strains after milling. The arrangement used for cutting specimen surfaces to release the residual strain is presented in Figure 3 and Table 1 . The wire-cut electric discharge machine consists of a machine tool, computer numerically controlled (CNC) pulse generator, and dielectric-fluid supply unit. The tool consists of a main worktable, an auxiliary table, and a wire drive mechanism. CuZn37 brass wire with a diameter of 0.2 mm was employed in this study. The wire travels through the workpiece from the wire supply wheel to the wire take-up reel. In the wire-cut electrical discharge machining (EDM) process, a spark is generated between the continuously traveling wire and the workpiece. 
Parameter Value
Discharge voltage 50 V Peak discharge current 2.4 A Pulse on Time 30 μs Pulse off Time 20 μs Dielectric liquid EDM oil
Experiments and Discussion
The use of WEDM to cut a surface slot into a specimen induces the release of the local strain that generates a displacement field perpendicular to the slot plane. The implementation of the 2D DIC method comprises the following three consecutive steps:
1)
Specimen and experimental preparation for the reference image: a speckle pattern was sprayed onto the test specimen surface by an airbrush gun to visualize the deformation. Figure 4 shows the speckle images of a specimen surface after spraying with white and black paints. During the DIC analysis of the captured images, the square area in the middle of the specimen is chosen to be the ROI with subset size of 160ˆ160 pixels.
2)
Recording images of the planar specimen surface before and after machining: first, a DIC image of the reference area to be analyzed is captured by the camera. After capturing the DIC reference image, incremental cutting depths of 1, 2 and 3 mm are applied by WEDM. The dimensions of the scanned area are determined. Then, the DIC image of the area around the cutting zone is captured and analyzed.
3)
Processing the acquired images using a DIC program to obtain the desired displacement and strain information: the DIC program compares the grey-level intensity patterns of a matrix of pixels of the images before and after machining at the subpixel locations and establishes where the reference matrix has to be shifted from the first image to the second image to find the best matching pattern. Then, we implement a pointwise local least-squares method to estimate the strains from the displacement fields computed by the DIC method. 
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Conclusions
This work presented a new method for identifying the residual strain in different specimens by WEDM combined with the ring-core method. The ring-core method was used to cut interior grooves for measuring the residual stresses and provided much larger surface strains. The WEDM technique has the potential to be the optimal cutting method for the grooves and was successfully applied in this work. We used four-point bending to create specimens with different residual stresses. The fullfield in-plane deformation fields associated with the various residual stresses were measured by DIC. Al 5052 was employed as a reference sample to verify the feasibility and effectiveness of the proposed method. It was shown that the proposed method can be used to characterize the relieved strains after WEDM. The correlation between the residual stress and the residual strain will be investigated in the future. 
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